SUMMARY
Cilia are found on most eukaryotic cell types, serving motility, environment sensing, and signaling (cell-cell) functions, and defects cause genetic diseases (ciliopathies), affecting the development of many tissues [1] . Cilia are built by intraflagellar transport (IFT), a bidirectional microtubule-based motility driven by kinesin-2 anterograde (toward ciliary tip) and IFT-dynein retrograde (toward ciliary base) motors together with IFT-A and IFT-B cargo adaptor complexes that control retrograde and anterograde IFT, respectively [2] . Ciliary composition is also facilitated by the transition zone (TZ) at the ciliary base and the associated Meckel-Gruber syndrome (MKS) and nephronophthisis (NPHP) modules that establish protein diffusion barriers and regulate cilium structure [3] . Although the molecular architecture of the IFT machine is emerging [2] , how individual components contribute to cilium subtype formation and IFT remains relatively unexplored, especially in vivo. In addition, little is known about functional interactions between IFT and TZ modules. Here, in Caenorhabditis elegans (roundworms), we identify cell-type-specific mechanisms by which IFT-A sculpts the structures of discrete ciliary subtypes and regulates IFT. We also uncover differential roles for IFT-A subunits in controlling the TZ restriction of MKS module components and ciliary exclusion (gating) of periciliary membrane proteins, with IFT-140 controlling their ciliary entry and IFT-43/ 121/139 controlling their ciliary removal. Furthermore, we determine that IFT-A and MKS module components synergistically interact to determine cilium structure. Overall, this work provides insight into the functional architecture of a metazoan IFT-A complex in different cell types and uncovers new relationships between ciliopathy-associated IFT-A and TZ modules.
RESULTS

General and Cell-Specific Roles for IFT-A Genes in Cilium Structure and Function Regulation
Biochemically organized into core (IFT122/140/144) and noncore (IFT43/121/139) submodules, intraflagellar transport complex A (IFT-A) regulates ciliogenesis, retrograde IFT, and ciliary protein delivery and retrieval [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, global versus cell-specific roles of individual IFT-A proteins are not well understood, especially in vivo. Here, we examined metazoan IFT-A in C. elegans, which possess 60 primary cilia of differing morphologies at dendritic endings of sensory neurons [13] . Most worm cilia reside within environmentally exposed pores, serving chemo-, thermo-, and osmo-sensing functions [13] .
First, we investigated IFT139 (TTC21B/THM1), linked to ciliopathies, sonic hedgehog signaling, and cilium structure regulation [6, 9, 14] . In C. elegans, IFT139's ciliogenesis role is controversial; in one study [15] , rod-shaped amphid and phasmid channel cilia of ift-139 mutants are reported as severely shortened, whereas in another study, these same cilia are unaffected [10] . Consistent with the latter, we find that two ift-139-null mutants (gk477 and gk508) possess normal dye-filling (Dyf) phenotypes, indicating (indirectly) structurally intact amphid (ADL/ ASH/ASI/ASJ/ASK/AWB) and phasmid (PHA/B) channel cilia (Figures S1A-S1C). A ciliary GFP reporter and transmission electron microscopy (TEM) confirms these rod-like cilia are unaffected in ift-139 worms ( Figures 1A and 1C ). Thus, unlike most other C. elegans IFT-A genes, namely ift-140 (IFT140 ortholog; also called che-11), ift-121 (IFT121 ortholog; also called ifta-1), daf-10 (IFT122 ortholog), and dyf-2 (IFT144 ortholog), ift-139 is dispensable for amphid and phasmid channel cilia structure ( Figures 1A and 1C ) [10, 11, [16] [17] [18] . A GFP reporter controlled by ift-139 upstream sequence expresses in amphid and phasmid channel neurons, indicating that ift-139's dispensability is not due to lack of expression in these cells ( Figure S1D ). Instead, ift-139 regulates amphid and phasmid channel cilia redundantly with ift-43, which is also dispensable for forming cilia ( Figure 1A ) [10] .
However, a subset of cilia is affected in ift-139 mutants. Specifically, the wing-shaped amphid cell (AWC) cilium is collapsed in ift-139 worms, similar to ift-121 and ift-140 mutants but unlike ift-43 mutants, where AWC cilia are unaffected ( Figures 1B and  1C ). Furthermore, rod-shaped cephalic (CEP) cilia display disrupted ultrastructure in ift-139 mutants ( Figure S1E ). Consistent with the cilium structure observations, ift-139 worms are defective in chemoattraction (Che) toward a volatile odorant (AWC-mediated), whereas osmosensation (ASH-mediated) is unaffected ( Figures 1D and S1F ). Both cilia-related sensory behaviors are disrupted in ift-121, ift-140, daf-10, and dyf-2 single mutants (Figures 1D and S1F) [16, 17] . Notably, ift-43 mutants display a mild Che defect, indicating a modest ciliary function for IFT-43 in AWC ( Figure 1D ).
Together with previous findings [10, 11, [16] [17] [18] , our data indicate that C. elegans IFT-A genes differentially regulate sensory cilia structure; ift-121 and ift-140 are required for all examined cilia, ift-139 for a cilium subset (e.g., AWC), and ift-43 is fully dispensable. These findings correlate with mammalian IFT139 loss causing severe ciliogenesis defects in some, but not other, cell types [6, 9] .
IFT-A Genes Are Differentially Deployed in Distinct Cell
Types to Regulate IFT IFT-139 regulation of a ciliary subset suggests mechanistic distinctions by which IFT-A operates in different cell types. Whereas most IFT-A proteins are individually essential for IFT in amphid and phasmid channel neurons [11, 17, 19] , IFT-139 and IFT-43 redundantly regulate retrograde IFT in these cells [10] . Indeed, we confirm IFT-139's dispensability for IFT in channel neurons using multiple reporters ( Figure S2A ). The latter include an OSM-6 (IFT52 ortholog) reporter, which displays normal ciliary localization and IFT in ift-139 worms, despite contrary recent reports [10, 15] (Video S1; Figure S2A ). To examine IFT in AWC, we established an AWC-expressed OSM-6 reporter (OSM-6:: GFP AWC ) that displays robust IFT-like movement along the proximal ciliary region (Figure 2A ; Video S2). In ift-140 mutants, OSM-6::GFP AWC accumulates in the truncated axonemes and IFT movement is severely abrogated (Figure 2A ; Video S2).
Similar, albeit less severe, phenotypes occur in ift-139 mutants, whereas OSM-6::GFP AWC distribution and IFT is unaffected in ift-43 worms (Figure 2A ; Video S2). Thus, whereas ift-140 is required for IFT in all examined cilia, ift-139 is dispensable for IFT in amphid and phasmid channel neurons but required in AWC neurons. In contrast, ift-43 is dispensable for IFT in all examined cilia. These data agree with the cilia structure phenotypes in mutants of these genes and demonstrate that the IFT-A module regulates IFT in different cell types via distinct mechanisms, akin to the scenario for C. elegans kinesin-2 motors [20] [21] [22] [23] . We also further examined the regulatory relationship of IFT-A genes in amphid and phasmid channel neurons. First, we Figure S2 and Videos S1 and S2.
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(legend on next page) assessed the ciliary localizations and IFT interdependencies of IFT-A proteins. In ift-121/140 single mutants, IFT-139::GFP does not undergo IFT and is diffusely localized, whereas this reporter is unaffected in ift-43 single mutants ( Figure 2B ). In contrast, IFT-140::GFP localization and IFT appears normal in ift-139 single mutants ( Figure 2B ). Therefore, IFT-139 incorporation into IFT-A depends on IFT-121 and 140, but not IFT-43, whereas IFT-139 is not required for IFT-140's IFT-A association ( Figure 2B ). This correlates with the ciliogenic requirement of these IFT-A proteins and indicates that IFT-A in amphid and phasmid channel neurons consists of genetically separable IFT-121 and 140, IFT-139, and IFT-43 functional layers. Interestingly, unlike IFT-121, whose ciliary targeting depends on ift-140 [11] , IFT-139 retains ciliary (albeit non-moving) localization in ift-121/140 single mutants ( Figure 2B ). This suggests that IFT-139 incorporation into IFT-A occurs in the cilium, whereas the incorporation of IFT-121 occurs outside the cilium as part of an earlier step in the IFT-A assembly pathway. Finally, we asked whether IFT-139 functional redundancy in regulating IFT-dynein is restricted to IFT-43 interaction [10] . Using endogenous level and overexpressed reporters of the XBX-1 IFT-dynein light intermediate chain (DLIC) [10] , ift-139 was found to synthetically interact with ift-121 and ift-140 to control XBX-1 ciliary levels, with double mutants showing enhanced XBX-1 ciliary accumulation compared to single mutants ( Figures 2C and S2B ). Despite accumulations, the endogenous XBX-1 reporter retains IFT movement in all examined mutants ( Figure 2D ). Thus, in amphid and phasmid channel neurons, IFT-139 (IFT-A non-core) functionally interacts with the IFT-A core (IFT140) and non-core (IFT-121 and IFT-43) [10] to regulate IFT-dynein, ostensibly by removing a DLIC from cilia.
IFT-A Genes Differentially Regulate Transition Zone Protein Localization and Ciliary Gating
While imaging XBX-1::tdTomato in IFT-A-disrupted worms (Figure S2B ), a portion of the co-expressed Meckel-Gruber syndrome 6 (MKS-6) (CC2D2A ortholog; outer layer of MKS module) reporter that exclusively labels the transition zone (TZ) appeared ectopically localized to cilia (distal to the TZ). Specifically, although MKS-6::GFP is mostly or entirely excluded from ift-43/121/139/140 single mutant cilia, this reporter accumulates strongly in ift-121/139 and ift-43/139 double mutant cilia ( Figures 3A, S3A , and S2B). We also analyzed the localizations of reporters of additional outer (MKS-3; TMEM67 ortholog), intermediate (MKS-2; TMEM216 ortholog), and core (CEP-290; CEP290 ortholog) MKS module layers, as well as MKS-5 (RPGRIP1/1L ortholog), the master regulator of MKS and nephronophthisis (NPHP) module assembly [24, 25] . Like MKS-6, strong ciliary mislocalizations of MKS-2/3 occur in ift-121/139 and ift-43/139 double mutants and in ift-121 single mutants for MKS-3 ( Figures 3A and S3A ). Furthermore, mislocalized MKS-5 signals are found in ift-43/139 and ift-121/139 double mutants and ift-121/140 single mutants to a lesser extent ( Figure S3B ). However, CEP-290 localization is unaffected in all mutants, including an ift-43/121/139 triple mutant ( Figures 3A and S3A) . Thus, IFT-139 functioning redundantly with IFT-43 or IFT-121, or IFT-121 alone (in the case of MKS-3), prevents ciliary accumulation of intermediate and outer layer MKS module proteins. This IFT-A role maintains, rather than initially establishes, TZ restriction of MKS module proteins because mislocalizations are absent in young mutant larvae ( Figure S3C ).
Because IFT-140 is a core IFT-A component that targets noncore IFT-121 to cilia and mediates IFT-139 (also non-core) association with IFT trains ( Figure 2B) [7, 9, 11] , we were surprised that MKS module proteins do not accumulate in ift-140 mutant cilia ( Figures 3A and S3A ). To determine whether MKS protein mislocalizations in IFT-A non-core mutants depend on ift-140, we analyzed MKS-2, MKS-3, and MKS-6 localizations in ift-121/140 double mutants or ift-121/139/140 triple mutants. In all cases, ift-140 loss suppresses MKS module protein mislocalizations ( Figures 3A and S3A) . Thus, ift-140 is required for the ciliary accumulation of MKS module proteins in IFT-A non-core mutants.
The MKS module regulates TZ membrane diffusion barriers that ''gate'' ciliary protein entry and exit [24] [25] [26] [27] [28] [29] [30] . To examine whether IFT-A mutants possess gating defects, we examined markers of TRAM-1 and RPI-2, which decorate the periciliary membrane (PCM) but are excluded from the ciliary membrane [26] . We found that RPI-2 and/or TRAM-1 accumulate at high levels within ift-121 single-and ift-139/43 double-mutant cilia but only at low or negligible levels in ift-43/139/140 single mutant cilia ( Figures 3B, S3D , and S3E). Like MKS module protein markers, TRAM-1 ciliary accumulations in ift-121 and ift-139/ 43-disrupted worms depend on ift-140 ( Figures 3B and S3D) . Thus, IFT-A genes differentially facilitate ciliary gating of PCM proteins.
Finally, we investigated whether IFT-A disruption affects TZ structure. Ultrastructural analysis of amphid channel cilia in (C) Model. In WT, PCM and MKS proteins periodically enter cilia via IFT-A core (regulates IFT-A complex assembly and ciliary entry via anterograde IFT) [7, 9, 11] and subsequently removed from cilia via IFT-A non-core (regulates retrograde IFT activation and IFT-A/B particle docking to IFT-dynein) [10, 11] . In non-core IFT-A mutants, MKS and PCM proteins retain ciliary targeting via IFT-A core (IFT-A core retains cilia localization in IFT-A non-core mutants; this study) [10, 11] but cannot exit cilia due to retrograde IFT defects [10] . In core IFT-A mutants, PCM/MKS proteins cannot enter cilia via IFT and therefore do not accumulate in cilia, despite retrograde IFT defects. See also Figure S3 and Video S3.
ift-121/139 double mutants revealed that, although many axonemes are truncated, TZs appear intact ( Figure S3F ). This is not surprising, as these worms possess normal CEP-290 localization and retain TZ pools of other MKS module proteins.
Together, these data implicate roles for IFT-A in strict TZ compartmentalization of MKS module proteins and ciliary gating. In one model, IFT-A loss disrupts the TZ membrane diffusion barrier, resulting in abnormal leakage of PCM and TZ proteins along ciliary axonemes. However, whereas ''leaked'' PCM proteins distribute evenly along the cilia of MKS module gene mutants [24, 26, 31] , the ectopic PCM/TZ protein ciliary localizations in IFT-A gene mutants appear as highly localized accumulations, typically within proximal ciliary regions. This accumulation profile is strikingly reminiscent of IFT protein mislocalizations in worms with retrograde IFT defects [10, 11, 19] . Thus, we favor the alternative ''transport'' model ( Figure 3C ) whereby the IFT-A core facilitates trafficking of MKS and PCM proteins into cilia via anterograde IFT, after which the non-core enables their ciliary clearance via retrograde IFT regulation [10, 11, 15] . This model correlates with the requirement of the IFT-A core for TZ/PCM protein mislocalizations in IFT-A non-core mutants ( Figures 3A, 3B, S3A, S3D, and S3E) , the lack of appreciable TZ/PCM protein accumulation in the cilia of IFT-A core mutants ( Figures 3A, 3B, S3A, and S3D) , the opposing roles for mammalian IFT144 and IFT139 in regulating the ciliary entry or removal of IFT and signaling proteins, and roles for IFT-43/139 A B in IFT-dynein regulation [8] [9] [10] . Our transport model is also consistent with the progressive ciliary accumulation of MKS module proteins in IFT-A mutants as they age ( Figure S3C ). Furthermore, IFTlike movement for MKS module protein markers is detectable, although the signals are faint (Video S3). However, although we strongly favor an active transport model to explain our findings, we cannot discount additional minor roles for IFT-A in diffusion barrier regulation because TRAM-1, RPI-2, and MKS-5 show low-level ectopic accumulation in IFT-A core (ift-140) mutant cilia.
IFT-A Interacts with the MKS Module to Regulate Cilium Structure
Finally, we investigated whether TZ and IFT-A functional modules genetically interact to regulate ciliogenesis, like C. elegans MKS and NPHP modules [26] . Specifically, we examined double mutants of ift-139 with mks-2/5/6 or nphp-4. IFT-139 was chosen as the IFT-A representative so that potential synergistic interactions could be identified, as many cilia are intact in ift-139 mutants. MKS-2, MKS-5, or MKS-6 were selected as they target different assembly layers of the MKS module [24, 26] . Examination of cilium structure using dye filling (Dyf) reveals that ift-139;mks-5 double mutants are fully Dyf defective, compared with normal or reduced Dyf phenotypes for single mutants (Figures 4A and S4A) . Although ift-139 loss does not alter the Dyf phenotype of mks-2, mks-6, or nphp-4 mutants ( Figure S4A ), direct visualization of amphid and phasmid channel cilia using an XBX-1::tdTomato (DLIC) reporter reveals strongly enhanced cilium structure defects (misdirections, expansions, and truncations) in all double mutants (except ift-139;nphp-4) compared to single mutants ( Figures  4B and S4B) . Also, the XBX-1 reporter accumulates in some amphid and phasmid channel cilia in ift-139;mks-2 and to a lesser extent ift-139;mks-6, double mutant worms, but not in corresponding single mutants ( Figures 4B and S4B) . Thus, IFT-139 functions in a partially redundant manner with MKS-2/5/6 to regulate amphid and phasmid cilium structure and XBX-1 levels. Functional associations between MKS and IFT-A modules expand on interactions already described for MKS module proteins and components of IFT-B (IFT172), kinesin-2 (OSM-3/ KIF17), and IFT-dynein [32, 33] .
DISCUSSION
Whereas TZs slow down IFT [10, 24, 34, 35] , it is not known whether TZ processes are themselves IFT regulated. Here, we describe roles for IFT-A in maintaining TZ compartmentalization of MKS module components and PCM protein gating. Thus, IFT directly impacts TZ barriers. Our data suggest that the IFT-A core promotes MKS and PCM protein entry into cilia, whereas the IFT-A non-core regulates their ciliary export ( Figure 3C ). Although biochemical associations between IFT-A and MKS and PCM proteins are not described, IFT70 (IFT-B) directly interacts with B9D2 [36] . Notably, CEP-290 localization is not affected in IFT-A-disrupted worms, indicating that the TZ-associated role of IFT-A is restricted to peripheral MKS module proteins. Interestingly, the MKS and NPHP module master assembly factor MKS-5 is partially mislocalized in IFT-A mutants, whereas CEP-290 is not. Presumably, the significant pool of MKS-5 retained at IFT-A mutant TZs is sufficient for CEP-290 TZ incorporation, consistent with MKS-5 being an assembly factor rather than an assembly scaffold [24] .
Although TZ restricted at steady state, with no detectable exchange kinetics over 30-min assays [26, 37] , our observations imply that MKS module proteins must periodically enter wildtype (WT) cilia. Indeed, transmembrane MKS-2 (TMEM216) decorates the entire cilium of mksr-1 (B9D1) mutants, indicating that MKS module proteins can enter cilia [37] . Furthermore, ciliary membrane protein overexpression induces mammalian B9D1 to enter the cilium, albeit with slow kinetics [38] . Why might TZ-localized MKS module proteins enter the cilium? One possibility is that these proteins are constitutively targeted to cilia at low levels via IFT-A core activity and require retrograde IFT for their ciliary removal, in line with suggestions for Smoothened regulation [39] . Alternatively, MKS and IFT-A modules may biochemically interact at the TZ to regulate gating, resulting in some MKS module molecules periodically entering the cilium via IFT as an indirect consequence. Further, non-mutually exclusive explanations are that IFT-A-mediated ciliary targeting and removal of MKS module proteins finetunes TZ gating function and/or partakes in their turnover. Irrespective of the exact reasons, our results demonstrate clear functional associations between ciliopathy-associated IFT and TZ modules.
Finally, our study reveals differential roles for IFT-A proteins in regulating IFT and the structures of distinct cilia subtypes, similar to what has been found for C. elegans kinesin-2 motors [20] [21] [22] [23] . Therefore, our findings go beyond the recent emerging model of strong ciliogenesis roles for the metazoan IFT-A core, but not the IFT-A non-core [9, 12, 40] . Cell-specific heterogeneity of IFT-A complex organization and function has important implications for mammalian ciliary signal regulation and ciliopathy mechanisms.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Cell 27, 1948 Cell 27, -1957 amplified from pPD95.77 and PCM10 respectively, followed by fusion of the resultant products to the 5 0 upstream sequences of str-2 (3792 bp) (primer details in Table S2 ). To generate transgenic animals harboring extrachromosomal arrays, all constructs were injected into N2 worms at 5 ng/ml (translational GFP constructs) or 50 ng/ml (transcriptional GFP constructs), together with a coelomycete cell-expressed co-injection marker (unc-122p::gfp or unc-122p::dsRed) injected at 100 ng/ul.
Dye filling and behavioral assays
For the dye-filling assay [42], worms were incubated for 30 min in a DiI or DiO (Invitrogen) solution (1/100 dilution in M9), and then recovered on seeded NGM plates for 30 min. 30-50 worms were subsequently mounted on slides and dye uptake into the ciliated amphid and phasmid cells was assessed using epifluorescence wide-field imaging. For the osmotic avoidance assay [42], 5 worms were placed within a ring of 8M glycerol (Sigma) supplemented with Bromophenol Blue (Alfa Aesar) on unseeded NGM plates and behavior observed for 10 min. Worms crossing the barrier were removed from the assay. For the volatile attractant chemotaxis assay [42], 1 mL of benzaldehyde (Sigma) (diluted 1:200 in 96% ethanol) and 1 mL of ethanol (96%) were placed on opposite sides of a 90 mm minimal media plate. 50-100 hundred young adult worms were placed in the center of plate and chemotaxis index calculated after 30 and 60 min. Dye filling and behavioral assays were performed blindly after randomization of the mutant strains. Each experiment was repeated 3 times. Sample sizes indicated in figure legends. No sample size estimations were performed.
Transmission Electron Microscopy
Young staged adult (day 1) worms were first fixed in 2.5% gluteraldehyde in Sørensen's phosphate buffer (0.1M, pH7.4). Samples were subsequently post fixed in 1% osmium tetroxide and embedded in EPON resin using a standard protocol of dehydration through an ethanol gradient (sequential steps of 10 min incubation with 30%, 50%, 70%, 90% and 100% ethanol), substitution of ethanol for propylene oxide (15 min incubation), EPON resin infiltration (1 hr RT incubation in 1:1 EPON/propylene oxide solution, followed by 2hr 37 C incubation with EPON alone), and polymerization at 64 C [42]. Sections were obtained using a Leica EM UC6 Ultramicrotome and a 2 mm Diatome ultra 45 diamond knife, and subsequently collected onto copper 200nm mesh grids [42] . Sections were counterstained with 2% uranyl acetate and 3% lead citrate to enhance contrast and imaged on a Technai 12 (FEI) electron microscope. Sections from 2 independent worms (per strain) were analyzed.
C. elegans live fluorescent imaging Staged worms were mounted on 4% or 10% agarose pads [42] . Epifluorescence images were taken on an upright Leica DM5000B and confocal images on an inverted Nikon Eclipse Ti microscope with a Yokogawa spinning-disc unit (Andor Revolution). Images were acquired using a charge-coupled device camera (iXon+EM-CCD, Andor Technology) and analyzed using ImageJ software (https://fiji.sc/). Mutant and control strains carrying fluorescent reporters were independently imaged at least 3 times (20-30 worms per experiment). Sample sizes indicated in figure legends. No sample size estimations were performed.
QUANTIFICATION AND STATISTICAL ANALYSIS
Image analysis, quantification and statistical analysis Ciliary axoneme length was obtained from max projections of confocal Z stacks generated using ImageJ software. For the fluorescent reporter ciliary distribution analyses, the intensity of fluorescence along the cilium (from base to the tip) was measured from max projections of confocal Z stacks generated using ImageJ software. For XBX-1, RPI-2 and TRAM-1 distribution analyses, ciliary signals (1.1-3.0 mm from cilium base) were normalized against their 'base (basal body/cilium base) max intensities' (maximal intensity 0.1-1.1 mm from cilium base). For the TZ reporter distribution analyses, ciliary signals (1.5-3.0 mm from cilium base) were normalized against their 'TZ max intensities' (0.5-1.5 mm from cilium base). Note that for the distribution analysis of TZ reporters (CEP-290, MKS-2, MKS-3 and MKS-6) and RPI-2, the XBX-1::tdTomato signal was first used to segment the axoneme. For IFT analysis, time-lapse videos were recorded at 3.3 or 5.0 frames per second. Separated anterograde and retrograde kymographs were generated using the ImageJ plugin KymographClear [43] . Significance values were determined using a two tailed Student t test or a nonparametric Mann-Whitney U-test using GraphPad Prism software (http://www.graphpad.com).
